Followed by the discovery of carbon nanotubes, synthesis of one-dimensional (1D) nanomaterials has attracted great interest because of their exceptional electrical and mechanical properties [1] [2] [3] [4] . Some inorganic 1D nanomaterials including ZnO, VO , and TiO 2 have been synthesized in recent years [5] [6] [7] [8] . Among these materials, titanic compound nanotubes have stimulated particular interest. Titanic nanocrystals have been extensively studied in photocatalytic or photoelectrochemical systems and so forth [9] [10] [11] [12] , and fabrication of tubular structures offers an effective approach to adjust their properties, which are crucial in practical applications. For example, the photocatalytic activity of TiO 2 could be enhanced by the tubular structures because of their large specific surface, which leads to a higher potential of applications in environmental purification and generation of hydrogen gas and so forth [13] .
Recently, particular interest is devoted to obtain H 2 Ti 3 O 7 -type nanotubes synthesized by hydrothermal method [14] [15] [16] , and these nanotubes show excellent ionexchange ability and photocatalytic activities and may be applied to photocatalysis, photoluminescence, and dyesensitized solar cells [3] . However, their structures are still not well understood. The photocatalytic property is originated from the charge carriers produced by the excitation process on the particle surface, and the photocatalytic efficiency is determined by the transfer rate and recombination rate of carriers [17] . However, the carriers are usually unstable and easy to recombine. To improve the photocatalytic efficiency, the transfer rate must be enhanced and recombination rate should be reduced. Introducing other elements especially the transition metal ions into the matrix has been proved to be an effective method to improve the photocatalytic efficiency, and many reports on the doped TiO 2 and their properties have been published [17] [18] [19] . More recently, followed by the development of researches on one-dimensional materials, fabrication of doped nanorods and nanowires with transition metal ions has stimulated much interest due to their exclusive properties and potential applications [20] [21] [22] . However, doped tubelike nanostructures have never been reported. Since the tube channel has potential advantage to provide direct conduction paths for the electrons [23] , it is reasonable to believe that doped tubelike structures will induce some excellent properties for their applications.
In this communication we reported that the Fe-doped titanated nanotubes (TiNTs) can be easily synthesized via a hydrothermal process. Commercial anatase TiO 2 powders (2 g) and FeCl 2 ⋅4H 2 O (0.05 g, 0.15 g, and 0.25 g) were dispersed into an aqueous solution of NaOH (10 mol dm −3 ) and then moved into a Teflon-lined autoclave. The autoclave was heated in an oven at 130 ∘ C for 72 h. The precipitate was filtrated and washed with diluted HCl until pH = 7. Final products were obtained by air-drying.
The structure analysis of obtained products was investigated by an X-ray diffraction (Philips X'Pert PRO MPD) operated at 40 kV and 30 mA using Cu radiation through the 2 -range from 5 to 70 degrees. The typical XRD pattern of products with various levels of iron doping is presented in Figure 1 . In all cases, several weak and broad diffraction peaks exist (positioned at 2 = 9.9, 24, 28, and 48 ∘ ), which could be assigned to the diffraction peaks of titanates such as H 2 Ti 3 O 7 structure (monoclinic unit cell with = 1.603, = 0.375, = 0.919 nm, and = 101.45 ∘ ) [13] . No crystalline anatase TiO 2 or ferric oxide was detected in the pattern. In addition, the height of diffraction peaks is increased by the iron doping, which illustrates that the iron doping gives rise to the increase of the crystallization. Wang et al. [17] have reported that iron doping promotes the formation of rutile phase in TiO 2 particles, while the influence of iron on the crystallization of titanate has never been reported.
Morphology of synthesized products was characterized by both field-emission scanning electron microscope (SEM, JSM-6700F) and transmission electron microscope (TEM, Hitachi H-800). Figure 2 gives the typical images of titanates with R Fe/Ti = 3%. From the SEM micrograph shown in Figure 2 (a) we can see that needle-shaped products with uniform morphology are obtained. The typical diameter and length are about 20 and 300 nm, respectively, and no particles or layered structures were observed from the image. The TEM image shown in Figure 2 (b) reveals the nanotubular structures of synthesized products. A large quantities of tubular nanoparticles with uniform diameter about 20 nm were synthesized, and the length of obtained particles is about several hundred nanometers.
The energy dispersive X-ray spectroscopy (EDX) analysis recorded from the synthesized nanotubes illustrates that the characteristic peaks of Fe, Ti, and O were detected, indicating that Fe ions were successfully doped into the lattice of titanate.
Raman spectrum of synthesized nanotubes with different iron levels is shown in Figure 3 . They are almost identical except for the intensity of peaks. The Raman features of synthesized nanotubes could be roughly regarded as a reflection of the six-coordinated layered titanate although the iron was doped into the titanate [3] , but the exact assignment of the Raman spectra to specific active modes in layered titanates is still not well understood. In addition, these peaks are broadened and strengthened with increasing the iron levels, which reflects the split of lattice vibration modes caused by the decrease of symmetry. Raman spectroscopy is widely used to investigate the near-surface defect structure because of its surface sensitiveness, accordingly, the increase of peak height could be attributed to the increase of oxygen vacancies in the titanates. The defects promote charge transfer and efficiently separate the electrons and holes by shallow trapped electrons, which might give rise to remarkable increase of photocatalytic activity.
Photocatalytic activities of synthesized nanotubes were evaluated by the conductometric determination method (CDM) which uses castor oil as probe reactant [24, 25] . It has been confirmed that this method is effective for estimating the catalytic activity of inorganic pigments in oil cosmetics. In the test, 0.2 g of synthesized TiNTs was mixed with 20 mL of castor oil and moved into a quartz tube with UV-light irradiation for 150 min. Air gas was bubbled in and then flowed out and induced into the deionized water placed in an electric conductivity measurement cell. Volatile molecules produced by the oxidation of the castor oil were trapped in the water by the effluent gas leading to the increase of conductivity. The degree of photocatalytic activity was estimated by the extent of conductivity change. Figure 4 shows the photocatalytic activities of synthesized nanotubes, and we can conclude from the results that the photocatalytic activities are greatly enhanced by the iron doping. The change curve of electric conductivity for undoped TiNTs is very flat while the curve is relatively sharp for the doped ones. After irradiated for 150 min, the electric conductivity for 3% doped TiNTs is 52 S/cm, which is about 2-fold higher than that of undoped TiNTs. These results obviously indicate that doping with iron ions is very effective in increasing the photocatalytic activity of TiNTs.
The photocatalytic activity originates from the production of excited electron in the conduction band, along with corresponding positive holes in the valence band through the absorption of suitable illumination [17] . By introducing the Fe 3+ in the matrix, Fe atoms replace the Ti in the crystal lattice, and the oxygen vacancies and defects increase to maintain charge equilibrium. During the process of photocatalytic reaction, oxygen vacancies and defects could become the centers to capture photoinduced electrons so that the recombination of photoinduced electrons and holes was effectively inhibited [26] . Thus, oxygen vacancies and defects were in favor of photocatalytic activity. The oxygen vacancies and defects were increased by the iron doping; consequently, the photocatalytic activity is enhanced by the level of iron doping as shown in Figure 4 .
In conclusion, we have firstly reported the synthesis of the iron-doped TiNTs, and this method may be applied to synthesize transition metal ions doped TiNTs and other nanostructures (such as nanobelt). This work provides a facile route to improve the photocatalytic efficiency of materials, and other properties such as magnetic property may also be changed. In addition, existence of Ti-OH on the surface [27] makes the decoration of TiNTs possible, and further assembly may also be achieved. These works are still under research.
